Introduction
Acrylamide (ACR) is a white substance with a crystalline solid form. It is highly soluble in water and in polar solvents such as acetone, chloroform, methanol and ethanol, but is insoluble in non-polar solvents (Exon, 2006) . The numerous polymers of ACR have a range of industrial applications including drinking water and wastewater treatment, mining, crude oil production, paper pulp processing, concrete production, soil and sand treatment, textile processing, photographic emulsion, adhesives and coatings (Dybing et al., 2005; Smith et al., 2000) . It is also commonly used for gel electrophoresis of proteins in research laboratories. ACR can be formed in the preparation of starchy food such as potato chips and cereal products during high temperature (above 120°C) mainly due to the reaction between free amino groups and carbonyl source (Tareke et al., 2002; Zyzak et al., 2003) . The ratio of formed ACR in foods depends on cooking conditions, such as temperature and heating time (Zyzak et al., 2003) . ACR is also present in cigarette smoke (Smith et al., 2000) . Chronic dietary intake of ACR in children has been estimated to be about 0.5-1.9 μg/kg body weight (b.w.) per day; for adolescents, adults and old people it has been estimated to be about 0.4-0.9 μg/kg b.w. per day (EFSA, 2015) . Exposure to ACR has been shown to cause neurotoxicity, genotoxicity, developmental toxicity and carcinogenicity in experimental models. Different epidemiological studies have been carried out to investigate the effect of exposure to ACR on humans but have not demonstrated a consistent association between cancer risk and ACR exposure. However, occupational exposure to ACR has been shown to result in an increased risk of neuropathy in humans (EFSA, 2015) .
Carnosic acid (CA, C 20 H 28 O 4 ), a phenolic diterpene, is enriched in the leaves of Lamiaceae plants, and is particularly high in dried leaves of Rosmarinus officinalis L. and Salvia officinalis (Birtić et al., 2015) . CA has demonstrated inhibition of oxidative stress and inflammation, suppression of cell proliferation, and antibacterial activity. It is widely reported that CA has a therapeutic potential in different types of cancer, mostly based on in vitro experiments (Moore et al., 2016) . CA has also shown neuroprotective effects in experimental models of neurodegenerative diseases, mainly through activation of the antioxidant NRF2/ ARE pathway (Bahri et al., 2016) . CA has the ability to kill both positive and Gram negative bacteria, though the involved mechanisms are not clear (Birtić et al., 2015) . Additionally, carnosic acid has been considered as an antioxidant additive in food matrices such as oils, sauces, and meat products (Birtić et al., 2015) .
Zebrafish are an effective vertebrate model organism for toxicology due to their small size and transparent embryonic development that can take place ex utero. The transparency of the embryos makes possible the straightforward monitoring of morphological development and the assessment of possible malformations, while identifying toxicity endpoint is also made easier (Hill et al., 2005) . Drug administration in zebrafish embryos is quite easy as they can be stored in micro-titre plates and will absorb through their gills and skin any small molecules administered into the wells (McGrath and Li, 2008) . As a vertebrate model, anatomy and function of zebrafish organs closely resemble that of humans. For example, the zebrafish retina has three major cell layers (outer nuclear layer, inner nuclear layer and ganglion cell layer) organized in a laminar pattern similar to that of human retinas (Raghupathy et al., 2013) . Zebrafish retina develops early and rapidly, such that the ganglion cells begin to differentiate and become postmitotic between 28 and 32 h post-fertilization (hpf) (Schmitt and Dowling, 1999; Hu and Easter, 1999) . The inner nuclear layer is present by 38hpf, while the photoreceptor cells start to differentiate at 50-54hpf (Hu and Easter, 1999; Schmitt and Dowling, 1999) . The outer segments are first observed at 54-60hpf. Retinal lamination starts at 32hpf and is fully established by 60hpf (Schmitt and Dowling, 1999) . Zebrafish demonstrate visual function at 72hpf. Similar to the human retina, zebrafish have a cone-rich retina, providing an excellent model by which to study human retinal degeneration and retinal toxicity (Shu et al., 2010; Zhang et al., 2015) .
In the present study we investigated ACR-induced toxicity and evaluated the protective effect of CA in zebrafish embryos. We found ACR treatment caused morphological abnormalities, increased production of reactive oxygen species (ROS), reduced antioxidant capacities, and increased death of photoreceptor cells. When zebrafish were co-exposed to ACR and CA, the above toxic effects were reversed.
Materials and methods

Zebrafish maintenance
AB strain adult zebrafish (Danio rerio) were maintained in a TEC-HNIPLUS aquatic system with a 14/10 h light/dark photoperiod. Breeding was triggered under light and fertilized embryos were collected. Embryos were cultured in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 0.33 mM MgSO 4 ) in 28°C incubator. NaCl, KCl, CaCl and MgSO4 were bought from Sigma (Sigma-Aldrich Company Ltd., UK). All animal experiments were carried out in compliance with the UK Animals (Scientific Procedures) Act 1986 under the project licence PPL 60/4169.
Zebrafish embryo treatment
Initial toxicity tests of ACR and CA (Sigma-Aldrich Company Ltd., UK) in zebrafish embryos were performed in 24-well plates. Zebrafish embryos used for all experiments were at 6hpf. All tests were run in triplicate and each well contained 10 embryos in 500 μl drug solutions. Embryos were exposed to ACR at the concentration of 1, 2, 3, 4 or 5 mM, or to CA at the concentration of 10, 20, 30, 40 or 50 μM. During the experimental period, the exposure solutions were renewed daily and dead embryos were discarded. Morphological abnormalities in treated embryos were carefully observed under a microscope (AMG Introduces EVOS fl) and images were captured. Mortality and other teratogenic defects such as altered heart rate, hatching, edema, and curved body were recorded under a stereo light microscope at 48, 72, 96 and 120hpf.
Based on the initial toxicity tests, we chose 10 μM CA and 1 and 2 mM ACR for subsequent experiments. Embryos at 6hpf were treated with ACR (1 or 2 mM) only, or together with CA (10 μM). The treatments were performed in triplicate, with each well containing 10 embryos. Control embryos were treated with 0.1% DMSO (Sigma-Aldrich Company Ltd., UK) in E3 medium. The exposure solutions were renewed daily. Morphological deformities in treated embryos were carefully monitored and images were captured under microscopy (AMG Introduces EVOS fl). Mortality and other teratogenic phenotypes (altered heart rate, hatching, edema, and curved body) were recorded at 48, 72, 96 and 120hpf. After the treatment, embryos were collected for further biochemical and immunohistological analyses.
Measurement of reactive oxygen species (ROS)
Production of ROS in treated and control zebrafish embryos was measured using DCFH-DA (2′,7' -dichlorofluorescin diacetate, SigmaAldrich Company Ltd., UK) according to the previous description (Tohari et al., 2016) . Briefly, zebrafish embryos were euthanized using ms-222 (Sigma-Aldrich Company Ltd., UK) and washed with cold-PBS twice, then homogenized in a cold buffer (0.32 mM sucrose, 20 mM HEPES, 1 mM MgCl2, 0.5 mM of phenylmethyl sulfonylfluoride (PMSF), pH 7.4). The homogenate was centrifuged at 15,000 × g at 4°C for 20 min, 20 μl of the supernatant was transferred into each well of 96-well plates and incubated with 8.3 μl/well of DCFH-DA solution (20 μg/ ml). The plate was incubated in the dark at 37°C for 30 min, then the fluorescence was measured at 485 nm (excitation) and 525 nm (emission) using a Fluostar Optima microplate reader (BMG-labtech). The ROS level was represented as the percentage of relative fluorescence intensity to control after baseline fluorescence correction (Tohari et al., 2016) .
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from treated and control embryos using Trizol Reagent (Sigma, UK) following the manufacturer's guidance. cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, UK). Expression of target genes was measured by qRT-PCR assay using a Platinum ® SYBR ® Green PCR kit (Thermo Fisher Scientific, UK) under the following PCR condition: 50°C for 2 min and 95°C for 2 min then 40 cycles of 95°C for 15 s and 60°C for 60 s. The fluorescence signals were detected at the end of the 60°C step. The relative expression of target gene was determined by normalization to the expression of the housekeeping gene (β-actin) according to 2 -ΔΔCT formula. The primer sequences of targeted genes are listed in Supplementary data, Table S1 .
Biochemical assays
Superoxide dismutase (SOD) activity was measured using SOD Detection Kit (STA-340; Cell Biolabs). Briefly, control and treated embryos were homogenized in cold 1× Lysis Buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1 mM EDTA) and centrifuged at 12,000×g for 10 min to collect the tissue lysate supernatant. Samples including a blank were prepared in a 96-well microtiter plate according to the manufacturer's instructions and absorbance was read at 490 nm on a microplate reader.
Catalase activity was measured using the catalase detection kit (STA-341, Cell Biolabs). Briefly, control and treated embryos were homogenized in cold PBS with 1 mM EDTA on ice and centrifuged at 10,000×g for 15 min at 4°C to collect supernatant. A catalase standard was set up and catalase in individual supernatants was measured in a 96-well plate according to the manufacturer's instructions.
Glutathione (GSH) level was measured using the total glutathion (GSSG/GSH) assay kit (STA-312, Cell Biolabs). Briefly, control and treated embryos were homogenized in ice-cold 5% metaphosphoric Acid and centrifuged at 12,000 rpm for 15 min at 4°C to collect supernatants.
The glutathione standard was set up in a 96-well plate and GSH concentration of individual supernatants was measured according to the manufacturer's instructions.
Malondialdehyde (MDA) was quantified using an TBARS assay kit (STA-330, Cell Biolabs). Briefly, control and treated embryos were homogenized in PBS containing 1× butylated hydroxytoluene on ice and centrifuged at 10,000× g for 5 min to collect the supernatants. An MDA standard was prepared and MDA concentration in individual supernatants was quantified in a 96-well plate according to the manufacturer's instructions.
Western blotting assay
Total protein was extracted from zebrafish embryos at 120hpf using the tissue protein extraction reagent (Thermo Scientific, UK) as described in the manufacturer's protocol, and centrifuged at 13000 rpm for 10 min. The supernatant was transferred to a 1.5 ml eppendorf tube and protein concentration was measured. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane. The membrane was blocked with 5% milk powder in Tris-Buffered Saline-Tween 20 buffer for 1 h at room temperature and then incubated with a primary antibody (mouse anti-GAPDH antibody, Santa Cruz Biotechnology, Inc., Cat. Sc-32233 or rabbit anti-caspase3 antibody, antibodies online.com, Cat. ABIN1883652 in 1:1000 dilution) overnight at 4°C. The membrane was washed and then incubated with a secondary antibody (goat antirabbit antibody, Cat. 926-32211 or donkey anti-mouse antibody, Cat. 926-68072 (LI-COR Biosciences, USA) in 1:10000 dilution). The signals were visualized by the LI-COR Odyssey FC Imaging System and quantified using Image Studio™ Lite analysis software (LI-COR).
Histology and immunohistochemistry
Zebrafish embryos at 120hpf were fixed in 4% paraformaldehyde (PFA) overnight at 4°C then washed with PBS twice. For haematoxylin and eosin (H&E) staining, embryos were dehydrated with 10% (6mins), 30% (6mins), 50% (6mins), 70% (6mins), 80% (3 × 6mins), 90% (3 × 6mins) and 100% (3 × 6mins) ethanol treatment and embedded in paraffin. 7 μm paraffin sections were made in a microtome and Fig. 1 . Evaluation of toxic effects of acrylamide (ACR) and carnosic acid (CA) on zebrafish embryos. (A) Zebrafish embryos were exposed from 6 hpf to 72 hpf to ACR at different concentrations. ACR treatment at 3 mM or higher concentration caused significantly increased mortality. ACR treatment at 1 mM or higher caused a marked decrease in hatching and heart rate. (B) Zebrafish embryos were exposed to CA at different concentration. CA treatment at 30 μM or higher concentration resulted in a significant increase in mortality and a significant decrease in hatching and heart rate. There were no significant differences observed in embryos treated with CA at 10 or 20 μM when compared to the controls. (C) Co-treatment with CA reversed ACR-induced toxicity. Hatching and heart rate were significantly increased in embryos co-treated with CA and ACR compared to embryos treated with ACR alone. UT: untreated control. NS, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. rehydrated in series ethanol treatment, then stained with H&E. Images were taken under a light microscope. For immunostaining, fixed zebrafish embryos were cryoprotected in 5%, 15% and 20% sucrose, then embedded in Cryomatrix medium (VWR, UK) and quickly frozen using dry ice. 10 μm sections were cut in a cryomount at −20°C and blocked using blocking buffer (2% bovine serum albumin and 5% sheep serum in PBS) for 1 h at room temperature. Sections were incubated with a primary antibody (mouse anti-rhodopsin 4D2 antibody, 1:400, Abcam, Cat. Ab98887or anti-arrestin 3 ZPR-1 antibody, 1:500, Abcam, Cat. Ab174435). After washing with PBS three times, sections were incubated with secondary antibody (Alexa fluor 488 goat anti-mouse, 1:500, Abcam, Cat. Ab150113 or Alexa Fluor ® 594 goat anti-mouse, 1:500, Abcam, Cat. Ab150116) and mounted with DAPI (1.5 μg/ml) mounting medium (Vectashield Limited). Images were captured using a Zeiss LSM 800 confocal microscope. The morphometric analysis for measuring the length of the photoreceptor layer and fluorescence signals was performed using Image J software (https://imagej.nih.gov/ij/ index.html). Length of photoreceptor layer was measured in the central part of individual images taken from H & E stained zebrafish retinal sections. Fluorescence signals (representing stained rod outer segments with anti-rhodopsin 4D2 antibody or stained cone cells with ZPR-1 antibody) were measured by quantifying the fluorescence signals in entire photoreceptor layer of individual images taken from immunostained zebrafish retinal sections.
Cell death detection
Retinal cell death was detected using DeadEndTM fluorometric TUNEL (TdT-mediated dUTP Nick-End Labeling) assay kit (Promega, UK) according to the manufacturer's protocol. Briefly, tissue sections of treated and control zebrafish embryos were fixed with 4% PFA for 15 min at 4°C, washed with PBS twice, and permeabilized with a proteinase K (20 μg/ml) solution for 10 min. Tissues were labeled with rTDT reaction mix containing equilibration buffer, fluorescein-12-dUTP and rTdT enzyme for 1 h at 37°C and 2 × SSC was used to stop the reaction. Tissues were washed with PBS and mounted using DAPI mounting media (Vector laboratories). The fluorescein-12-dUTP-labeled DNAs were visualized under a Zeiss LSM 800 confocal microscopy.
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 6 software (GraphPad Software Inc., San Diego, CA) by one-way ANOVA. Data were obtained from three independent experiments and presented as mean ± SE.
Results
Assessment of toxic effects of ACR and CA on zebrafish embryos
To assess the toxicity of ACR on zebrafish embryos, we treated embryos at 6hpf with different concentrations (1 mM, 2 mM, 3 mM, 4 mM and 5 mM) of ACR and monitored the defects at 72hpf. There was no significant increase in mortality of zebrafish embryos treated with 1 or 2 mM of ACR when compared to untreated embryos. However, there was a significant increase in mortality in embryos treated with 3 mM, 4 mM or 5 mM of ACR when compared to untreated controls. The hatching rate of the embryos exposed to ACR at different concentrations was significantly decreased in a dose-dependent trend when compared to untreated controls; embryos treated with 4 or 5 mM ACR did not hatch. Heart rate was also markedly decreased at 72hpf in ACR-treated embryos compared to controls (Fig. 1A) . We also noticed morphological abnormalities such as curved body axis and pericardial edema in embryos exposed to ACR at 2 mM and higher concentrations (Fig. S1 ). However, embryos exposed to 1 mM ACR exhibited normal morphology at 72hpf. Based on the results from the initial toxicity test, we decided to use 1 and 2 mM ACR for subsequent experiments.
Initially we assessed the toxicity of CA by treating embryos with CA at 10, 20, 30, 40 or 50 μM. At 72hpf there was no significant difference in mortality, hatching and heart rate of embryos treated with CA at 10 or 20 μM when compared to untreated controls (Fig. 1B) . Exposure to CA at higher concentrations (30 mM and above) resulted in markedly increased mortality and decreased hatching and heart rate at 72hpf (Fig. 1B) . Based on the initial toxicity data, we chose 10 μM CA for subsequent experiments. We examined whether CA could reverse ACRinduced toxic effects on zebrafish embryos and found that co-exposure with ACR and CA resulted in a significant increase in hatching and heart rate when compared to embryos exposed to ACR only (Fig. 1C) .
CA treatment reduced ACR-induced reactive oxygen species (ROS) production in zebrafish embryos
Previous studies reported that ACR exposure resulted in significantly increased ROS production in neuron-associated cell lines Pan et al., 2015) and in rat cortical neurons (Zhang et al., 2014) . We investigated whether ACR exposure can increase ROS production in zebrafish embryos. As shown in Fig. 2 , relative to untreated controls there was a considerable increase in ROS generation by 184% and 302% in zebrafish embryos treated from 6hpf to 120hpf with, respectively, 1 mM and 2 mM ACR. However, relative to the ACR-treated embryos the production of ROS was significantly decreased by 47.83% and 47.96% when the embryos were co-treated with, respectively, 10 μM CA + 1 mM ACR or 10 μM CA + 2 mM ACR (Fig. 2) .
ACR caused a decrease in antioxidant capacity and carnosic acid reversed the effect
Since ROS production was significantly increased in ACR-treated embryos (Fig. 2) , we wanted to know if this is due to an imbalance of the antioxidant defence system. We detected expression of antioxidant genes by qRT-PCR and found that expression of Sod1, Sod2, Catalase, Gpx1 and Nrf2 genes was significantly decreased in embryos treated with 1 or 2 mM ACR when compare to control embryos (Fig. 3) . When embryos were co-exposed to ACR and CA, expression of these genes was markedly increased, compared to that seen in embryos treated with ACR alone (Fig. 3) .
We also investigated the effects of ACR treatment on the activity of Fig. 2 . ACR exposure from 6 to 120 hpf induced increased production of ROS in zebrafish embryos, while co-treatment with CA from 6 to 120 hpf suppressed this ACR-induced ROS production. ROS was measured as described in Materials and methods. UT: untreated control. **p < 0.01; ***p < 0.001; ****p < 0.0001.
superoxide dismutase (SOD) and catalase (CAT). SOD activity was noticeably decreased by 51.23% and 63.42% in embryos treated with, respectively, 1 mM or 2 mM ACR, compared to the controls (Fig. 4A) . SOD activity was considerably elevated by 160.6% and 200% in embryos treated with, respectively, 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compared to embryos treated with 1 or 2 mM ACR alone (Fig. 4A) . Similarly, CAT activity was significantly reduced by 16.26% and 34.23%, in embryos treated with, respectively, 1 or 2 mM ACR, compared to the controls; CAT activity was substantially raised by 21.45% and 28.23% in embryos treated with, respectively, 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compare to embryos treated with 1 or 2 mM ACR alone (Fig. 4B) . Glutathione (GSH) functions as an important antioxidant to prevent cellular damage caused by ROS. We measured GSH level in ACR-treated embryos. GSH level was noticeably decreased by 40.80% and 62.91% in embryos treated with, respectively, 1 or 2 mM ACR, compared to the controls. GSH level was considerably elevated by 138.1% and 243.85% in embryos treated with, respectively, 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compared to embryos treated with 1 or 2 mM ACR alone (Fig. 4C) .
Increased ROS causes overproduction of malondialdehyde (MDA), which is one of the final products from polyunsaturated fatty acids peroxidation. MDA is widely used as a biomarker of oxidative stress (Ayala et al., 2014) . The quantity of MDA was significantly raised by 9.76% and 11.88% in embryos treated with, respectively, 1 or 2 mM ACR, compared to the controls. However, the quantity of MDA was substantially reduced by 9.47% and 12.53% in embryos treated with, respectively, 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compared to embryos treated with 1 or 2 mM ACR alone (Fig. 4D) . Fig. 3 . ACR exposure from 6 to 120 hpf caused decreased expression of antioxidant genes in zebrafish embryos, while co-treatment with CA from 6 to 120 hpf significantly enhanced the expression of these antioxidant genes. Expression of Sod1 (A), Sod2 (B), Catalase (C), Nrf2 (D) and Gpx1 (E) was measured by qRT-PCR and normalized to the housekeeping gene, β-actin. UT: untreated control. *p < 0.05; **p < 0.01; ****p < 0.0001.
CA protected against ACR-induced photoreceptor cell death in zebrafish embryos
Initially we used H&E staining to examine morphology of retinal sections of control and treated embryos. The retinas of embryos treated with 1 or 2 mM ACR showed a significantly decreased thickness of the photoreceptor layer (outer segments, inner segments and outer nuclear) by, respectively, 60.63% and 84.21%, compared to the controls, suggesting loss of photoreceptors. By contrast, the thickness of the photoreceptor layer was considerably increased by 58.24% and 88.16%, respectively, in embryos treated with 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compared to embryos treated with 1 or 2 mM ACR alone (Fig. 5) .
Zebrafish photoreceptors include rod cells and cone cells (red, green, blue and ultraviolet cell types) (Raghupathy et al., 2013) . To determine loss of rod cells in ACR-treated embryos, we used immunostaining with 4D2 antibody (targeting rhodopsin) to visualize rod outer segments. Fig. 6 shows a significant decrease of green signals (for rod outer segments) by 52.30% and 71.59%, respectively, in embryos treated with 1 or 2 mM ACR compared to the controls. By contrast, there was a markedly increased signal by 46.6% and 85.29% in embryos treated with, respectively, 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compared to embryos treated with 1 or 2 mM ACR alone (Fig. 6) .
Additionally, we examined cone cells by immunostaining with ZRP1 antibody (labelling red-green cones) in treated and untreated embryos. There were significantly reduced fluorescent signals of cone cells by 68.96% and 84.92% in embryos treated with, respectively, 1 or 2 mM ACR, compared to the controls, suggesting loss of cone cells. By contrast, embryos co-exposed to 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA had a significant increase in fluorescent signals by 55.19% and 132.5%, respectively, compared to embryos exposed to 1 or 2 mM ACR alone (Fig. 7) .
Given that loss of rod and cone cells in ACR-treated embryos may be due to apoptosis, we used TUNEL staining to examine cell death in the retinas of treated and untreated embryos. We found that ACR treatment resulted in a significant increase in photoreceptor death by 951% and 2000%, respectively, in embryos treated with 1 or 2 mM ACR when compared to the controls. However co-treatment with CA led to significant reduction in cell death by 50.6% and 49.1%, respectively, compared to embryos exposed to 1 or 2 mM ACR alone (Fig. 8) .
We examined whether this apoptotic death of photoreceptors is Caspase-dependent by measuring Caspase 3 expression in treated and untreated embryos by qRT-PCR (mRNA level) and by Western blotting (protein level). We found that Caspase 3 mRNA levels were markedly increased by 134.5% and 353.3% in zebrafish embryos treated with, respectively, 1 or 2 mM ACR, compared to the controls. However, Caspase 3 mRNA levels were considerably reduced by 47.29% and 48.59% in embryos treated with, respectively, 1 mM ACR +10 μM CA or 2 mM ACR +10 μM CA, compared to embryos treated with 1 or 2 mM ACR alone (Fig. 9A and B) . The results of Western blotting indicated that Caspase 3 protein was significantly increased by 218.6% and 351.1% in embryos treated with, respectively, 1 or 2 mM ACR, compared to the controls. Co-treatment with 1 mM ACR+10 μM CA or 2 mM ACR+10 μM CA resulted in a significant decrease in Caspase 3 by 65.03% and 45.96%, respectively, compared to embryos solely treated with 1 or 2 mM ACR (Fig. 9 C, D) . We noticed there was a low level of Caspase 3 protein detected by Western blotting in 5dpf control embryo lysate. It is possible that Caspase 3 is activated in photoreceptor apoptosis in zebrafish early retinal development. Biehlmaier et al. reported apoptosis in zebrafish photoreceptor cell layer was initiated at 5dpf and reached a maximum at 7dpf (Biehlmaier et al., 2001) . Fig. 4 . ACR exposure from 6 to 120 hpf resulted in significantly decreased activities in zebrafish embryos of Sod (A) and catalase (B), decreased level of GSH (C), and increased level of MDA (D). Co-treatment with CA reversed the ACR-induced effects. SOD and catalase (CAT) activities, GSH and MDA levels were measured as described in Materials and methods. UT: untreated control. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Discussion
Our current study used zebrafish embryos as an in vivo model to assess the toxicity of ACR on retinas and investigate the pathological mechanisms. We found that ACR caused the death of both rod and cone cells through Caspase-dependent apoptosis, possibly due to oxidative damage. Previous in vitro studies have shown that ACR treatment resulted in significantly increased ROS generation in neural cell lines, such as the human retinal pigment epithelium cell line (ARPE-19) . In vivo studies in rodent models showed that ACR treatment caused increased ROS production in serum, lung and brain (Ghorbel et al., 2016; Lakshmi et al., 2012; Zhang et al., 2013) . Our study also found that ACR-treated zebrafish embryos had a significant increase in ROS production (Fig. 2) , which is consistent with the data shown by Huang et al. (2018) . An increase in ROS production in both ACR-exposed cells and tissues is due to the disruption of redox homeostasis (Friedman, 2015) . We found that expression of antioxidant genes (Sod1, Sod2, Catalase, Gpx1 and Nrf2) was significantly decreased in ACR-treated embryos (Fig. 3) . The activities of antioxidant enzymes (SOD and GPX) and the level of GSH were also markedly decreased in ACR-treated embryos (Fig. 4) . The production of MDA, a marker for lipid peroxidation and oxidative stress, was significantly increased in ACR-exposed embryos (Fig. 4) . A recent study by Huang et al. (2018) also reported significantly decreased activity of SOD and level of GSH in zebrafish embryos. However, they found that there was no noticeable change in MDA level in ACR-treated embryos. This difference may be related to ACR-exposure time: MDA was measured at 96hpf in the study of Huang et al. while in our current study it was measured at 120hpf; the longer exposure to ACR possibly caused MDA accumulation. In fact, decreased activities of antioxidant enzymes and level of GSH, and increased level of MDA, have been previously reported in ACR-exposed cell lines and animals (mice and rats) Ali et al., 2014; Ghorbel et al., 2016; Kahkeshani et al., 2015; Lakshmi et al., 2012; Mehri et al., 2015; Pan et al., 2015 Pan et al., , 2016 Rodríguez-Ramiro et al., 2011; Zhang et al., 2013) , suggesting that redox imbalance is a common feature of ACR-induced toxicity.
ACR has been reported to cause visual function defects in humans and other mammalian species. Tunnel workers exposed to ACR showed defects in light sensitivity and colour discrimination (Goffeng et al., 2008a ). An electroretinography test demonstrated reduced amplitudes at 30 Hz flicker stimulation in these workers exposed to ACR, suggesting a dysfunction of cone cells (Goffeng et al., 2008b) . Primates orally exposed to ACR had significantly decreased visual acuity and contrast sensitivity (Merigan et al., 1982 , while histological analyses showed degeneration of ganglion cells but with sparing of the retinal inner layer and photoreceptor layer Merigan, 1986) , a difference from the current study that can perhaps be attributed to inter-species variation. One cow accidently exposed to ACR displayed progressive photoreceptor degeneration and optic head atrophy (Godin et al., 2000) . Adult rodents exposed to ACR had significantly reduced amplitudes of ERG a and b waves under photopic conditions compared to untreated animals, implicating the dysfunction of cone cells (Ali et al., 2014) . When pregnant rats were exposed to ACR or ACR-containing fried potato chips, the offspring showed morphological abnormalities in ganglion cells, photoreceptors and retinal pigment epithelium (RPE) cells Sakr et al., 2011) . However, the underlying mechanisms of visual function defects caused by ACR are poorly understood.
In our study, embryos exposed to ACR displayed significant loss of both rod and cone cells (Figs. 5-7) . Our previous data showed that adult zebrafish with acute exposure to ACR (2 mM for 36 h) demonstrated loss of colour-preferential swimming behaviour due to death of cone photoreceptors (Jia et al., 2017) . Similar to humans, zebrafish have a cone-dominant retina (Chhetri et al., 2014) ; loss of cone cells will result in defective colour vision, such as that presented in tunnel workers with occupational exposure to ACR (Goffeng et al., 2008a (Goffeng et al., , 2008b . Loss of photoreceptors was possibly due to apoptotic cell death, which was detected in the retinas of ACR-exposed embryos by TUNEL assay (Fig. 8) . Previous in vitro experiments suggested ACR-induced cell death was Caspase-dependent, since ACR-exposed cells had elevated Caspase-3 activities Pan et al., 2016; Rodríguez-Ramiro et al., 2011; Sumizawa and Igisu, 2007) . A recent study showed that ACR exposure led to endoplasmic reticulum (ER) stress-dependent Haemotoxylin and Eosin stained retinal sections of zebrafish embryos treated from 6 to 120hpf with 1 mM ACR, 2 mM ACR, 1 mM ACR + 10 μM CA, or 2 mM ACR + 10 μM CA. Scale bar, 20 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. (B) The thickness of the photoreceptor layer of untreated (UT) and treated embryos was measured using Image J software. For each condition the data were collected by measuring six images from three eyes *p < 0.05; ***p < 0.001; ****p < 0.0001. apoptotic cell death in SH-SY5Y cells and in the brain of zebrafish larvae at 7dpf mediated by the eIF2α-ATF4-CHOP signalling pathway (Komoike and Matsuoka, 2016) . Our data showed that Caspase 3 was markedly increased at mRNA and protein levels in ACR-exposed embryos (Fig. 9) , suggesting the apoptotic photoreceptor death is possibly Caspase 3-dependent, although we cannot exclude the possibility that other cell death pathways may be involved in ACR-induced photoreceptor loss.
Previous studies reported that CA protected RPE (ARPE-19) cells and photoreceptor (661 W) cells against H 2 O 2 -induced oxidative (4D2) antibody (targeting rod outer segments) in retinal sections of zebrafish embryos treated from 6 to 120hpf with 1 mM ACR, 2 mM ACR, 1 mM ACR + 10 μM CA, or 2 mM ACR + 10 μM CA. (B) CA treatment significantly counteracted the reduction in fluorescence intensity caused by ACR exposure. Six images were taken from control and treated retinal sections; fluorescence intensity of rod outer segments in individual images was quantified using Image J software. **p < 0.01; ****p < 0.0001. damage in vitro and protected rodent photoreceptor cells against lightinduced damage (Rezaie et al., 2012; Nagar et al., 2017) . CA also demonstrated a protective effect on photoreceptor cell death in a retinitis pigmentosa (RP) mouse model (rd10) such that CA treatment resulted in a significant decrease in rod photoreceptor death (Kang et al., 2016) .
These neuroprotective effects of CA are thought to be through inhibition of oxidative stress and ER stress. Our recent data showed that CA exposure prevented RPE cell death from ACR-induced oxidative damage. RPE cells exposed to ACR had significantly decreased expression of antioxidant genes, while CA treatment reversed ACR-induced toxic effects . NRF2 is involved in protection of retinal cells from oxidative damage through up-regulation of endogenous antioxidants and phase II detoxifying enzymes (Rezaie et al., 2012; Alhasani et al., 2018) . Loss of NRF2 in mice caused age-dependent RPE deterioration (Zhao et al., 2011) . Overexpression of NRF2 slowed photoreceptor cell death in retinal degeneration mouse models (Xiong et al., 2015) . CA treatment resulted in a marked increase of retinal NRF2 in light-induced damage mouse model and in RP mouse model (Kang et al., 2016; Nagar et al., 2017) . ACR exposure also caused downregulation of NRF2 expression in retinal cells, while CA treatment Fig. 8 . Significant increases of apoptosis in acrylamide-exposed zebrafish embryos photoreceptor cells were detected by a TUNEL assay. (A) Nuclei of apoptotic photoreceptor cells are stained in green. Retinal sections of embryos exposed from 6 to 12-hpf to 1 mM ACR, 2 mM ACR, 1 mM ACR +10 μM CA, or 2 mM ACR +10 μM CA were stained with TUNEL reagents and DAPI to detect apoptotic cells. (B) Quantification of apoptotic cells showing CA treatment resulted in a significant decrease in the cell death induced by ACR. The data were collected by counting TUNEL positive cells from 6 images of retinal sections from control and treated zebrafish embryos. *p < 0.05; ***p < 0.001; ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) reversed the effect . Our current study also showed that CA treatment protected photoreceptor cells from ACR-induced oxidative damage (Figs. 6 and 7), possibly through inhibition of oxidative stress mediated by the NRF signalling pathway (Fig. 3E) .
Conclusion
This study has investigated ACR-induced toxicity and evaluated protective effects of CA on photoreceptor death in zebrafish embryos. ACR treatment caused overproduction of ROS and MDA, reduced expression of antioxidant genes and activities of antioxidant enzymes, and increased photoreceptor cell death in zebrafish embryos. Our study demonstrates for the first time that exposure to CA has protective effects against ACR-induced toxicity in the retina and suggests that treatment with CA may have neuroprotective potential in humans exposed to ACR. Fig. 9 . ACR-exposed embryos exhibited a significant increase in Caspase 3 at mRNA and protein levels, while co-treatment with CA reversed these ACR-induced effects. Zebrafish embryos were treated from 6 to 120 hpf with 1 mM ACR, 2 mM ACR, 1 mM ACR +10 μM CA, or 2 mM ACR +10 μM CA. The expression of Caspase3 was determined by qRT-PCR and Western blotting. 
